Abstract: In this letter a compact tri-band bandpass filter (BPF) based on a modified tri-section stepped impedance resonator (SIR) and a stub-loaded SIR is proposed. By properly adjusting the resonant modes of the two resonators independently, a tri-band BPF centred at 1.8/3.5/5.2 GHz is designed, corresponding to the GSM, WiMAX, WLAN applications, respectively. Moreover, several transmission zeros (TZs) are generated on each side of the passbands to improve the selectivity. Measured results show good agreement with the simulated results.
Introduction
Recently the tri-band BPFs have become one of the most important components for wireless communication systems, and tri-band BPFs with good in-band performance, high selectivity and compact sizes have been investigated widely and many results have been achieved. There are many approaches to design tri-band filters. One approach is to add transmission zeros (TZs) or bandstop structures to divide a wide passband into several passbands. The tri-band BPF in [1] based on a defected ground structure (DGS) slot introduces a TZ into a one single band of a dual-band filter, but the dual plane structure increases installation complexity. In [2] , three notch bands are created by adding bandstop structures to ulra-wide band BPF, leading to a large circuit size. By combining multiple BPFs with common feed structures can also realize tri-band BPF [3, 4] . However, it is difficult to find such appropriate structures to satisfy all passbands. Multimode resonators give another method to design a tri-band BPF. In [5] , a single DGS resonator with six resonant modes is applied to tri-band BPF, but it suffers from the high insertion loss. In [6] , a stub loaded SIR resonator is proposed, but the design suffers from a large size. Nowadays new type resonators such as E-type resonators [7] , ring resonators based on degenerate modes [8] , tri-section SIRs [9] , defected microstrip structure [10] give new approaches to design multi-band BPFs. However, they show either large size or bad isolation.
In this letter, a modified tri-section SIR with controllable first three modes is proposed and analyzed. With the coupling of six resonance modes generated by the modified resonator and a stub-loaded SIR, a tri-band BPF is implemented and measured. Four TZs are generated, resulting in high selectivity.
2 Filter design and analysis Fig. 1(a) shows the schematic of the proposed tri-band BPF. It is designed based on a stub loaded SIR and modified tri-section SIR. Each resonator supplies three controllable resonant modes. The coupling structure is shown in Fig. 1 To analyze resonant properties of the stub-loaded SIR, the equivalent circuit of the resonator is shown in Fig. 2(a) . Since the structure is symmetric about the plane T-T', odd-and even-mode analysis can be used to studied it. For even-mode excitation, the input admittance can be calculated as:
Even mode resonance occurs when Y ineven ¼ 0. The first resonant mode named as f even1 is corresponded to the resonant frequency of the second passband. And for odd-mode excitation, Thus the resonant condition can be expressed as:
Hence, its resonant frequencies may be evaluated and adjusted as in [11] . The first two resonant frequencies named as f odd1 and f odd2 are corresponded to the first (2), the relationship between the resonant frequency and dimension parameters can be derived. As (1) shows, the dimension parameters of the open stub only have influences on the f even1 . The red lines in Fig. 2 Fig. 2(b) . In this design, these parameters are design to be: 1 ¼ 93:8°, 3 ¼ 9:6°, Y 1 ¼ 9:65 Â 10 À3 S, Y 3 ¼ 0:01 S. Fig. 3(a) shows three differernt tri-section SIRs and all the three structures occupy the same circuit size. As Fig. 3(b) shows, there are two resonant modes of structure a in the designed passbands, but three of structure b&c. Moreover the resonant modes of structure c can reduce obviously, thus a compact tri-section SIR can be obtained. To analyze the frequency characteristics of the resonators, the current density at the resonant modes of each structure are shown in Fig. 4 . And it is evident that the resonant modes of each structure are dominated by the related impedance-lines. And the effects of several key parameters have been simulated and studied, as shown in Fig. 5 . It can be observed from the red lines Fig. 5 (a) that w 9 mainly has an influence on f c2 and almost has no influence on the f c1 and f c3 , also w 6 only has an influence on f c2 and f c3 , but with different trends as the black lines shows. While as the red lines shown in Fig. 5(b) , w 7 has an influence on the f c1 without changing the f c2 and f c3 . In addition, the black lines show tl 4 can affect f c1 and f c3 with the same trend without changing f c2 . Thus, these three modes can be designed at the desired frequencies by appropriately tuning the parameters of the modified trisection SIR. Meanwhile, w 7 has influence on both m e and m o . When s 3 and w 7 are adjusted simultaneously, the coupling coefficients of two passband can be satisfied.
Implemention and measurement
Based on the above two resonators tapped with a common feed structure, a compact tri-band BPF is proposed and measured. After simulation and optimization by HFSS 15, the proposed filter has been implemented on Rogers RT 5880 with dielectric parameter of 2.2, conductor thickness of 17 um and substrate thickness of 0.76 mm. Its whole circuit size occupies approximately 29:2 mm Â 29 mm (0:23 g Â 0:23 g), where g is the guide wavelength at the center frequency of the first passband, and the photograph of the fabricated BPF is shown in Fig. 6 . shows simulated and measured results of the tri-band filter and good agreement can be found. The three passbands are centered at 1.8, 3.5, 5.2 GHz with 3 dB bandwidths of 5.4%, 7.3%, 8.9%, respectively. The minimum insertion losses of these three passbands are found to be 1.84, 0.94, and 1.15 dB. Return losses within the three passbands are both above 17 dB. Also, four TZs are generated at 2.2, 2.9, 4.4, 6.2 GHz owing to the coupling of two tri-mode resonators, which enhance the passband selectivity. Table I lists some previous reported performances of tri-band BPFs for comparison and it demonstrates that this work has realized miniaturization and good performance.
Conclusion
In this letter, a second-order tri-band BPF based on a modified tri-section SIR and a stub-loaded SIR are proposed. Each frequency of the three passbands can be controlled independently. Several TZs are generated to improve the selectivity of three passbands. Due to the compact size of the modified resonator and the coupling structure of the filter, the filter can realize miniaturization. The design method has been demonstrated by the agreement between simulation and measurement results. 
